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DYNAMICS  OF  LASER-DRIVEN,  ABLATIVELY 
ACCELERATED  TARGETS 


INTRODUCTION 

Search  for  a  method  of  controlling  thermonuclear  fusion  reactions  to  produce  electric 
power  continues  for  about  three  decades.  Development  of  such  a  method  would  permit  tapping 
of  the  practically  unlimited  energy  locked-up  in  naturally  occurring  fusionable  nuclei  and  free 
mankind  from  its  dependence  on  fossil  fuels:  In  an  era  of  rapidly  dwindling  energy  resources 
this  research  becomes  imperative.  One  fusion  technique  now  being  considered  is  the  laser- 
driven,  ablative  implosion  of  hollow  pellets  made  of  fusionable  fuel.  In  this  scheme,  powerful 
laser  beams  ablate  material  from  the  hollow  pellet  surface  creating  high  pressures  that  implode 
the  pellet  in  a  process  analogous  to  a  rocket.  If  it  could  be  arranged  for  the  imploding  pellet  to 
converge  inward  with  sufficient  symmetry,  sufficient  kinetic  energy,  and  on  a  low  adiabatt  then, 
upon  convergence  the  pellet  fuel  is  compressed  long  enough  for  thermonuclear  fusion  reactions 
with  a  net  energy  gain  to  occur.  This  energy  would  be  extracted  and  used  tc  run  the  turbines 
of  a  conventional  electric  power  plant. 

The  present  work  is  part  of  a  larger  integrated  and  ongoing  experiment  studying  the  feasi¬ 
bility  of  the  fusion  scheme  briefly  sketched  above.  Our  aim  is  to  verify  that  planar  targets, 
modeling  sections  of  a  hollow  pellet,  may  be  accelerated  to  the  velocities  required  for  fusion, 
and  to  measure  the  ablation  parameters  that  help  define  an  operating  regime  for  a  practical 
fusion  scenario.  For  this  purpose,  new  diagnostics  had  to  be  developed.  Then  quantitative 
measurements  of  the  dense  target  velocity  and  ablation  plasma  parameters  under  various  target, 
laser-spot  size,  and  irradiance  conditions  were  made.  These  topics  will  be  discussed  in  the  sec¬ 
tions  that  follow: 
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Section  I 
Section  II 
Section  III 
Section  IV 


describes  what  we  measure,  and  why; 

reviews  past  theoretical  and  experimental  contributions; 

describes  the  methods  and  diagnostics  used  in  these  experiments;  and 

presents  our  results  and  discusses  their  implications. 
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Section  I 

WHAT  Wi:  MEASURE  AND  WliV 

The  basic  goal  of  fusion  research  is  to  coniine  a  plasma  of  hydrogen  isotopes  in  which 
fusion  reactions  with  a  net  energy  gain  take  place.  Regardless  of  the  confinement  scheme  used, 
two  conditions  must  be  satisfied:  first,  the  reacting  plasma  must  be  heated  so  that  the  rate  of 
thermonuclear  energy  production  exceeds  the  rate  of  energy  loss  due  to  bremstrahlung 
radiation;"  '  second,  for  a  net  energy  gain  (fusion  e:iergy/thermal  energy  >1)  the  product  of 
plasma  density  and  the  reaction  time  must  be  greater  than  10'^  scc/cnr'  (Lawson's  criterion).^ 

In  inertial  confinement  fusion,  researchers  attempt  to  exceed  these  criteria  by  heating  a  highly 
compressed  deuterium-tritium  (OT)  plasma  (~  lO’*'  ions/cm')  and  confining  it  with  its  own 
inertia  for  a  few  picoseconds.'  For  this  technique  Lawson'.s  criterion  is  equivalent  to  a  condition 
on  the  compressed  plasma  density/*,  and  radius  H,,  /*.  R,  >  0.2  gm/cm\'’  Just  exceeding  this 
criterion,  however,  is  not  sufficient  for  commercial  fusion  application  since  the  thermonuclear 
energy  produced  must  also  make  up  for  the  inefficiency  of  the  driver  as  well  as  the  energy 
wasted  in  the  driver-plasma  coupling,  compression,  and  ignition  processes.  Inertial  confinement 
fusion  concepts  require  to  be  about  ?■  gm/cm*.  Below.  1  will  briefly  describe  the  particular 
fusion  scheme  that  motivates  the  prc.sent  work  and  relate  our  measurements  to  it. 

A.  Fusion  wUh  Ablativelj  Driven,  Hallow  Pcllels 

The  pellet  type  whose  feasibility  we  arc  studying"'  consists  of  a  hollow,  spherical  (few  mm 
diameter)  DT  shell  coated  with  a  material  called  an  ablator  (l-ig.  la).  By  analogy  with  a  rocket. 

"I'nr  (loulcriuni-iriliiim  pl.iMn.i  rc.icli(in%.  t)  r  I  -  '  ltct.»  S  .McV)  f  n  1 14  I  MeVi.  .mil  if  ihc  tc.iclinn  iirodiK-ls  .iic 
captured  li)'  the  pljsni.i.  the  hc.il  ciicri;)  is  >  .4  KeV 

assume  that  Ihc  reaction  lime  r,  is  piscn  b)  r,  R,/4C,.  where  C,  is  the  speed  of  sound  We  also  assume  ih.it 
f,  ~  s/i0/.t  r'n  where  Ihc  iherni.il  vcloein  to’  at  to  KeV  fur  the  orijtin  ol  these  relations  sec  Ihc  ariielc  h> 

(i  S  ^■r.llc).  cl  al  in  reference  I 
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iho  1)1  shell  niiiy  be  (houghl  of  as  the  rnckcl  payload,  and  ihc  ubialor  as  Ihc  rockcl  fuel, 
l’(nverliil  lasers  heal  the  ablalor  whose  rapid  evaporation  supplic.s  the  thrust  to  implode  the  hol¬ 
low  shell  lowards  the  center  of  the  sphere  (^■ig.  lb).  If  the  implosion  is  sulllcienily  energetic, 
syniniciric  and  the  shell  siiniciently  cool,  the  l)T  stagnates  as  it  reaches  the  center  and  is 
compressed  to  a  high  density.  The  compression  should  be  done  such  that  a  small  central  region 
(l)i,Ri,  ~  .3  gm/cm^  at  10  keV)  of  the  compressed  DT  is  shock  heated  to  the  temperature  re- 
tiuircd  for  fusion  reactions,  with  little  extra  investment  in  energy,  The  fusion  reactions  that  be¬ 
gin  at  the  core  rapidly  spread  thru  the  rest  of  the  compressed  DT  fuel  as  alpha  particles  from 
the  reactions  deposit  their  energy  in  the  rest  of  the  pellet  thereby  propagating  the  thermonu¬ 
clear  burn  from  (Fig.  Ic). 

Among  the  parameters  we  consider  arc; 

a.  Shell  Velocity 

For  the  hollow  pellet  envisioned  in  Kef.  4."  the  deuterium  shell  must  be  compressed  to 
-'-3()()()  times  .solid  density.  To  supply  the  c.icrgy  necessary  for  such  comprc.ssion  (--2  x  Ifl’ 
J/gm)  the  shell  velocity  must  be  about  200  km/.scc.  It  is  important  to  verify  experimentally 
whether  acceleration  to  such  high  velocity  with  the  required  uniformity  and  elliciency  is  possi¬ 
ble.  Our  measurements  of  planar  target  velocities,  modeling  pellet  shells,  will  be  described  in 
the  following  .sections. 

b.  Ablation  Pressure 

If  the  hollow  pellet  fusion  scheme  is  to  work,  some  contradictory  requirements  will  have 
to  be  reconciled,  l  or  example,  during  the  acceleration  phase  Ihc  dense  imploding  shell  is 
pushed  by  a  less  dense  ablation  plasma  without.  .Since  this  is  not  a  minimum  energy 

"^riic  |)cllcl  piiriimcicoi  iirc:  I'ellct  gnin  "  1000.  burn  clbclcnty  -  40^i,  Implosion  clflclcncy  «  I4T(,.  fuel  miss  ^  to  ’ 
gm,  spcclllc  energy  ••  2  *  lo’  J/gm. 
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Fig.  1.1  —  A  simplified  diagram  showing  a  hollow  fusion  pcilcl 
(a)  before,  (b)  during,  and  (c)  after  implosion 
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conllguriition.  the  DT  shell  and  ablator  material  will  tend  to  mix  and  brake  up  the  pellet  To 
limit  the  development  of  this  (Raleigh-Taylor)  instability.',  the  shell  should  be  accelerated  to  its 
final  fusion  velocity  in  the  shortest  possible  time.  This  requires  high  pressures  and.  therefore, 
high  laser  inien.sitics.  However,  irradiance  cannot  be  raised  without  limit,  fc'ventually  undesir¬ 
able  effects  of  high  irradiance  will  appear,  limit  the  energy  available  for  compression,  and  in 
addition  make  the  shell  even  harder  to  compress.  Known  elfects  include  Brillouin  back.scaticr'' 
that  reduces  the  absorption  of  laser  light,  production  of  fast  electrons’  that  would  heat  the 
DT  fuel  prematurely,  as  well  as  production  of  fast  ions  and  inhibited  thermal  transport’  **  ”  that 
reduce  the  efficiency  of  acceleration. 

We  must  verify  whether  an  irradiance  regime  that  avoids  non-uniform  implosions,  avoids 
the  undesirable  effects  of  high  irradiance.  and  is  consistent  with  accelerating  the  shell  to  the 
required  velocity  exists.*^  I'or  this  reason  we  have  measured  the  ablation  pressure  and  its  scal¬ 
ing  with  irradiance.  Also,  comparing  experimental  and  theoretical  scaling  laws  aids  our  under¬ 
standing  of  the  ablation  mechanism. 

c.  Ablation  Velocity  and  Mass  Ablation  Rales 

Ablation  velocity  is  an  importan*  quantity  influencing  the  hydrodynamic  eflicicnc)  of  the 
hollow  pellet  implosion.  Using  a  rough  analogy,  the  ablating  plasma  and  pellet  shell  may  be 
thought  of  as  products  of  a  "decay"  in  which  one  particle  transforms  into  two  components— a 
light  one  and  a  heavy  one.  In  this  situation  mo.st  of  the  decay  energy  ends  up  in  the  light  pro¬ 
duct,  although  the  momentum  of  the  products  is  shared  equally.  In  the  fusion  case  loo.  most 

of  the  ab.snrbed  laser  energy  (/;’,)  ends  up  as  the  kinetic  energy  of  the  ablation  plasma  -j  A///^ 

where  M  is  the  total  ablated  mass  and  w  its  mean  velocity.  .Since  the  momentum  transferred  to 
the  pellet  shell  is  given  by  —2  for  a  given  absorbed  energy  low  velocity  ablation  ions  gen¬ 
erate  high  pressure  more  efficiently  than  fast  ions.  Scaling  laws  that  relate  ablation  velocity  to 
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the  hydrodynamic  efficiency  of  acceieralion  may  be  derived  from  a  simple  rocket  modei.'^ 


Consequently,  knowing  the  ablation  velocity  and  its  scaling  with  irradiance  is  important  when 


searching  for  a  parameter  space  in  which  the  pellet  can  operate.  Knowing  the  mass  ablation 


rate  (or  mass  ablation  depth)  also  makes  it  possible  to  infer  the  thickness  of  a  pellet  shell  that 


can  be  accelerated  to  fusion  velocity  with  the  required  efficiency.  We  have  measured  ablation 


velocities,  mass  ablation  depths,  and  their  scalings  with  irradiance.  The  results  will  be  shown  in 


Section  IV. 
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Section  II 

REVIEW  OF  THEORY  AND  EXPERIMENTS 

In  part  A  of  this  section  the  theory  of  ablative  acceleration  is  presented.  Emphasis  is 
placed  on  the  basic  physics  of  the  ablation  process  and  of  the  moving  shell  under  ideal  condi¬ 
tions.  The  description  is  not  exhaustive,  but  it  does  describe  current  thinking  on  the  subject. 
Scaling  laws  relevant  to  our  experiment  are  summarized  in  this  part.  Measurements  related 
closely  to  our  own  are  reviewed  in  part  B.  Of  necessity,  important  work  dealing  with  effects 
such  as  laser-beam  absorption,  laser-beam  uniformity,  or  target  preheat  is  not  discussed.  The 
reader  is  urged  to  consult  Refs.  1-3  and  references  therein  for  information  on  these  subjects. 

A.  Theory 

a.  Ablation 

Schematics  of  the  electron  temperature  and  density  profiles  of  plasma  during  the  ablation 
process  are  sketched  in  Fig.  11. 1.''-'  The  laser-beam  penetrates  the  plasma  from  the  right  being 
absorbed  on  the  way  until  a  critical  density  (10^'  cm'  -’  for  a  Nd-glass  laser),  where  any 
remaining  laser  energy  may  be  reflected  or  resonantly  absorbed.'’  For  the  long  duration,  low 
intensity  laser  pulses  considered  here  (3-4  nsec.  <  10''*  W/cm^)  plasma  flow  establishes  a  rela¬ 
tively  long  scale-length,  relatively  low  temperature  absorption  region.  In  this  environment  the 
electron-ion  collision  frequency  is  high  enough  to  provide  efficient  absorption  by  inverse- 
bremsstrahlung.’  *  Most  of  the  laser  energy  is  probably  absorbed  by  this  process.' 

Much  of  the  absorbed  energy— especially  near  critical  density— conducts  down  the  steep 
temperature  gradient  towards  the  cooler  target  surface  where  it  heats  up  and  ablates  surface 
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material.  This  ablatins  material  (plasma)  expands  from  the  surface  and,  in  so  doing,  exerts  a 
pressure  which  compresses  and  eventually  moves  the  target;  a  shock  can  be  generated  causing 
the  density  step  depicted  in  Fig.  II.  1.  The  flow  of  ablated  plasma  thru  the  critical  density  sur¬ 
face  and  towards  the  laser  also  replenishes  the  plasma  in  the  absorption  region.  In  particular,  if 
this  flow  occurs  on  a  time  scale  much  faster  then  changes  in  the  incident  irradiance— something 
assumed  in  most  theories— a  self-consistent  regulation  cycle  that  establishes  and  maintains  the 
profiles  in  Fig.  II.  1  is  expected  to  set  in.  For  example,  if  the  ablation  rate  should  for  some  rea¬ 
son  slightly  decrease,  lack  of  plasma  in  the  absorption  region  will  move  the  critical  density 
closer  to  the  ablation  surface.  This  will  result  in  absorption  closer  to  the  target,  the  tempera¬ 
ture  near  the  critical  surface  would  rise,  temperature  gradient  (Fig.  II. I)  would  steepen,  and  the 
ablation  rate  will  go  back  up.  If  instead  the  ablation  rate  should  increase,  this  process  is 
reversed.  Assuming  such  a  steady  or  quasi-steady  ablation  structure,  ablation  plasma  properties 
are  commonly  described  by  these  steady  state  equations: 


V  •  (pul  =  0 

(mass  conservation) 

(Il.l) 

p(u  •  V)u  -  Vfp 

(Newton's  Law) 

(11.2) 

V  •  pu  -ju^  -f  /i  1  + 

=  pQ  (Energy  conservation  )  , 

(11.3) 

where  p.li.fp.  and  h  are  the  plasma  density,  velocity,  pressure,  and  specific  enthalpy  respec¬ 


tively;  Q  is  the  energy  deposited  in  the  plasma  per  unit  mass  per  unit  time,  and  q  is  the  thermal 
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heat  flux  expressed  by  the  minimum  of  ^  =  (-A  V  7].)  or  q 


~f  P.- 


kT, 
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;  the 


latter  expression  is  valid  in  the  free  streaming  limit. 


This  is  the  basic  picture  assumed  in  most  ablation  theories;  individual  authors  differ  in  the 
way  they  treat  various  details  of  the  problem.  Simple  theories  (Kidder,’  Caruso  and  Gratton’”). 
which  are  in  planar  geometry,  neglect  details  of  the  absorption  and  energy  transport  to  the  abla¬ 
tion  layer.  They  also  assume  that  all  of  the  absorbed  energy  supports  the  expansion  of  the  abla- 
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lion  plasma,  and  that  the  underdense  plasma  expands  with  sonic  velocity  (also  called  the 
Chapman-Jouget  hypothesis)."^  Some  theories  (Jarboe  et  al.")  assume  sonic  flow  at  the  critical 
surface  and  some  (Ahlborn  et.  al.''-'^)  eliminate  the  sonic  flow  hypothesis  altogether. 

In  practice,  no  laser-target  experiment  is  truly  planar.  Plasma  from  flat  targets  irradiated 
by  finite-diameter  laser  spots,  for  example,  expands  laterally;  the  expansion  becoming 
significant  when  the  plasma  reaches  a  distance  comparable  to  the  laser  spot  diameter.  Plasma 
from  uniformly  irradiated  pellet  targets  expands  spherically.  Nevertheless,  if  the  sphericity  of 
the  plasma  flow  becomes  significant  only  after  the  hydrodynamic  parameters  reach  their  final,  or 
almost  final  values  (ie.,  when  the  ablation  to  critical  surface  distance  <  <  pellet  radius  or  laser 
spot  diameter),  then  a  planar  theory  may  sti>l  be  able  to  describe  the  experiment  Thus,  experi¬ 
ments  using  large  pellets  or  large  laser  spots  may  be  described  with  a  planar  theory.  However, 
experiments  using  small  pellets  or  small  laser  spots  may  be  better  de.scribcd  by  a  spherical 
theory. 

Divergent  plasma  flow  from  planar  targets  was  considered  by  Puell''*  who  treated  plasma 
hydrodynamics  in  planar  geometry  using  a  model  similar  to  Refs.  9  and  10.  but  considered 
plasma  expansion  when  calculating  absorption  of  laser  light  and  the  temperature  at  the  sonic 
radius.  (The  sonic  radius  is  the  radius  at  which  the  plasma  makes  a  transition  from  subsonic  to 
supersonic  flow.)  Scalings  of  ablation  param.'.'rs  with  irradiance  in  spherical  geometry  were 
determined  by  Nemchinov''  who  neglected  thermal  transport.  Scaling  of  the  mass  ablation  rate 
was  determined  by  Gitomer  et  al.'*’  who  included  thermal  transport  but  a.ssumed  that  the  sonic 
radius  does  not  vary  with  irradiance.  Inhibited  thermal  conductivity  in  spherical  geometry  (at 
irradianccs  higher  than  ours)  was  considered  by  Rosen  et  al.'’  and  Max  et  al.'* 

Scalings  with  irradiance  of  ablation  pressure,  ablation  velocity,  and  mass  ablation  rate 
predicted  by  these  theories  arc  shown  in  Table  II.  1.  Most  -f  the  theories  give  similar  results. 


Tabli'  U.l  —  Comparison  of  theoretically  derived  scal¬ 
ing  li  ws:  Table  entries  are  the  exponents  of  a  =  /" 
where  a  is  either  the  ablation  pressure  jf\,  ablation 
velocity  ui ,  ablation  depth  d,  or  the  mass  ablation  rate 
m,;  and  4 's  the  absorbed  irradiance.  Theories  referred 
to  may  be  found  in  refs.  9  thru  18. 


THEORY 

d  or  w 

KIDDER 

.75 

.25 

.50 

CARUSO 

.75 

.25 

.50 

AHLBORN 

.78* 

.22* 

.56* 

JARBOE 

.66** 

.33** 

.33** 

PUELL 

.78 

.22 

.56 

NEMCHINOV 

.78 

.22 

.56 

GITOMER 

.56 

MAX 

.57 

.09 

.48 

•tj  IN  AHLBORN'S  EXPRESSIONS  HAVE 

HERE  BEEN  TREATED  AS  CONSTANTS,  tj  IS  THE 
ABSORPTION  FRACTION. 


••JARBOE  ET  AL.  DERIVE  EXPLICITLY  A  RELA¬ 
TION  FOR  Ml  ONLY.  TO  GET  THE  OTHER  TWO 
QUANTITIES  WF.  USED  THE  RELATIONS 
cc  and  w  cc  n,  M.  IMPLIED  BY  HIS 
THEORY;  n,  IS  THE  CRITIC.AL  DENSITY. 


NRL  MUMORANDUM  RKW)RT  44>)1 

However,  fixing  the  sonic  plt,sma  c  laust  at  critical  density"  and  not  letting  the  exhaust  den¬ 
sity  vary  with  irradiance  changed  the  scalings  noticeably.  Inclusion  of  inhibited  thermal  tran¬ 
sport'^  changed  the  scalings  also. 

b.  Physics  at  the  Ablation  Surface-Target  Interface 

it  was  explicitly  recognized  by  some  authors^- that  the  Chapman-Jougei  hypothesis  may 
be  invalid  but  it  was  often  used  because  it  simplified  the  ablation  model.  This  hypothesis  and 
the  physics  at  the  ablation  surface-solid  target  interface  will  be  reviewed  below.'’ 

The  sharply  rising  temperature  profile  In  Fig.  11.1  may  be  viewed  as  2  stationary,  infinitely 
steep  heat  front  burning  its  way  into  the  solid  target.  Just  as  is  the  case  with  shocks,  the  propa¬ 
gation  of  such  heat  fronts  depends  not  only  on  local  parameters  such  as  density  but  also  on 
external  conditions  remote  from  the  heat  front  such  as  energy  absorption  mechanisms  or 
plasma  thermodynamics.  Three  modes  of  heat  front  propagation  arc  recognized  depending  on 
the  absorbed  intensity  4,  enthalpy  h  of  the  heated  plasma,  and  the  density  p  of  the  cool 
material  preceeding  the  step'^  Ih  «  b(ljp)]. 

Mode  (1):  The  heat  front  velocity  is  subsonic  with  respect  to  both  the  cool  plasma  in  advance 
of  the  step  and  the  hot  plasma  in  back  of  the  step.  Under  these  conditions,  the 
thrust  of  the  hot  plasma  near  the  step  surface  drives  a  shock  wave  that  overtakes  the 
heat  step  and  moves  ahead  of  It.  This  is  the  behavior  pictured  in  Fig.  11.1.  It  occurs 
when  h  is  high  and  IJp  is  low. 

Mode  (2);  The  heat  front  velocity  is  supersonic  with  resp  .  to  both  the  cool  plasma  in  advance 
of  the  step  and  the  hot  plasma  in  back  of  the  step.  Under  these  conditions  no  "mes¬ 
sage'  can  be  transmitted  from  the  hot  plasma  to  the  cool  material,  .so  that  no  pres¬ 
sure  precursors  can  develop.  The  heat  front  burns  directly  into  an  uncompressed 
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taiget.  Once  the  heat  front  passes,  the  pressure  gradients  associated  with  the  thrust 
of  the  accelerated  plasma  lose  their  momentum  to  a  subsequent  rarefaction  wave. 
This  occurs  when  h  is  low  and  IJp  is  high. 

Mode  (3):  The  heat  front  is  sonic  with  respect  to  the  hot  plasma  in  back  of  the  step.  Here  the 
pressure  and  heat  fronts  move  together.  This  occurs  when  /;  oc  (/„/p)^\  Any  devi¬ 
ation  from  this  condition  causes  modes  (1)  or  (2)  to  appear. 

Mode  (3)  is  the  so  called  Chaptnan-Jouget  detonation.  It  is  the  naturally  occuring  mode  in 
chemical  detonations  when  an  unstable  chemical  is  locally  activated  by  a  shock  wave.  The 
resulting  chemical  reaction  gives  off  heat  at  a  rapid  rate.  The  heat,  in  turn,  maintains  the  shock 
wave— which  detonates  more  material  to  produce  more  heat  and  so  on.  In  this  closely  coupled, 
self-sustaining  cycle  the  heat  and  pressure  fronts  move  together.  But,  when  the  heat  source  is 
a  laser  the  cycle  described  above  does  not  exist  so  that  the  Chapman-Jouget  detonation  would 
occur  only  for  a  special  set  of  conditions.  In  fact,  absorption  by  inverse-bremsstrahlung  may 
not  be  consistent  with  the  Chapman-Jouget  process.'^  In’erestingly,  Ahlborn  and  Key'^  found 
that  in  the  ablation  process  the  velocity  of  the  heat  front  is  only  slightly  subsonic.  This  may 
account  for  the  good  agreement  between  his  theory  and  theories  that  use  the  Chapman-Jouget 
hypothesis.'^ 

c.  Pellet-Shell  Motion 

When  a  particle  decays  into  a  heavy  and  a  light  component  the  light  component  carries 
most  of  the  energy  but  momentum  is  shared  equally.  A  shell  accelerated  by  an  ablating  plasma 
behaves  similarly  i.e.  most  of  the  absorbed  laser  energy  is  carried  by  the  plasma  but  the  plasma 
momentum  is  balanced  by  a  shock  wave  in  the  denser  shell  material.  Consequently,  once  this 
shock  wave  equilibrates,  shell  kinematics  may  be  described  using  momentum  conservation 
laws— in  a  manner  analagous  to  a  rocket.^'  Shock  equilibration  mechanisms,  spall,  or  shock 
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liLMiint’  arc.  ol  course,  ignored  in  such  analysis.  A  planar  geometry  rocket  with  a  cold  exhaust 
was  used  recently  to  model  the  results  of  an  ablative  acceleration  experiment. The  model  was 
found  to  be  in  ttgreemenl  with  experiment  once  a  correction  for  the  angular  divergence  of  the 
exhaust  (i.e,,  blowoff  plasma)  in  the  experiment  was  made.  A  rocket  with  a  hot  exhaust^^  (and 
no  geometrical  corrections)  explains  ablative  acceleration  experiments  as  well. 

IManar  rocket  models  may  describe  the  early  stages  of  a  fusion  pellet  implosion.  However, 
later  in  the  implosion  phenomena  such  as  an  increasing  pressure  at  the  pellet  surface  due  to  the 
decreasing  pellet  surface  area,  or  shocks  reflecting  from  the  pellet  center  alter  this  simple  pic¬ 
ture.  .Spherical  convergence  elTects  were  treated  by  Kidder,  and  Ashby. 

B,  Experiment 

Ablative  acceleration  experiments  in  which  both  the  ablation  plasma  and  the  accelerating 
shell  are  studied  in  an  integrated  manner  have  begun  rccently.^’’*^^  Instead  of  imploding  hol¬ 
low  pellets,  these  experiments  accelerate  planar  targets  meant  to  simulate  a  section  of  a  pellet 
shell  before  convergence  effects  become  dominant.  Planar  targets  have  the  advantage  that  both 
the  hot  (outer)  and  cool  (inner)  surfaces  arc  easily  accessible  to  diagnostics.  However,  large 
diameter  laser  spots  (>  I  mm)  are  necessary  to  obtain  quantitative  results  in  this  type  of  experi¬ 
ment  since  two-dimensional  effects  at  the  edges  of  smaller  spots  may  distort  the  results. 
I'iniie-laser-spoi  effects  and  our  measurements  of  ablation  plasma  and  target  propcities  will  be 
discus.sed  in  detail  in  Sections  III  and  IV.  Below,  we  review  observations  reported  in  the  litera¬ 
ture. 


a.  Some  Words  on  Diagnostics 

The  diagnostics  used  to  measure  ablation  properties  include  timc-of-flight  ion  tolicctors  to 
measure  plasma  speed,  plasma  calorimeters  to  measure  plasma  energy,  and  iKndula  to  measure 
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plasma  momentum.  Ablation  pressures  were  also  inferred  by  observing  shock  speeds  in  opti¬ 
cally  clear  targets,^*  and  mass  ablation  rates  (or  depths)  determined  with  layered— target  tech¬ 
niques.''^’  When  evaluating  the  experimental  literature,  the  following  diagnostic  peculiarities 
must  be  kept  in  mind. 

•  In  Sec.  IV  we  will  .show  that  it  is  important  to  keep  the  laser-spot-diameter 
large  (>  1  mm).  More  importantly,  changing  irradiance  in  a  parameter  study  by 
focusing  down  the  laser  beam  should  not  be  done  without  caution.  Doing  so  alters 
the  irradiation  spotsize  changing  the  amount  of  energy  escaping  thru  the  focal  spot 
periphery^"  and  the  distance  between  the  ablation  and  critical  surfaces.  This  may 
introduce  unwanted  error.  Focusing  down  the  laser  beam  also  changes  the  spatial 
profile  of  the  irradiance  and  the  nature  and  intensity  of  any  hot  spots  in  the  beam. 
Layered-target  experiments  which  are  sensitive  to  the  shape  of  the  irradiance  profile 
may  be  especially  affected  by  this. 

•  When  plasma  ions  strike  a  pendulum  collector  they  can  stick,  “bounce  olT 
its  surface,  or  sputter  material  from  it.  The  reflected  or  sputtered  material,  though 
of  low  energy,^'  generates  recoil  momentum  that  can  be  as  large  as  the  momentum 
of  the  incident  ions.  Pendula  calibrations  must  lake  this  into  account.  Note  also 
that  low  energy  but  high  momentum  plasma,  such  as  may  oi  iginatc  from  regions 
beyond  the  focal-spot,  would  also  be  sensed  by  a  pendulum.  Since  the  momentum 
contributed  by  such  plasma  would  be  irrelevant  to  laser  fusion,  its  existence— or 
lack  of  it— must  be  verified.  These  issues  will  be  di.scussed  in  Sec.  III. 

•  Ion  collectors  mca.surc  currents  passing  a  point  far  removed  from  the 
irradiated  target  so  that  the  ion  time-of-flight  is  much  longer  than  the  time  of  its 
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initial  acceleration.  Unlike  in  short,  high  irradiance  laser  pulse  work,^^  ion  collec¬ 
tors  in  the  ablative  regime  measure  a  single  sharp  peak^^  so  that  their  use  as  timc- 
of-flight  detectors  is  legitimate.  However,  the  ablation  velocity  distribution  is 
affected  by  laser  spot  size  as  will  be  shown  in  Sec.  IV. 

b.  Ablation  Experiments 

The  formation  and  expansion  of  blowoff  plasmas  from  targets  irradiated  by  long  (>  I 
nsec)  laser  pulses  were  studied  in  the  middle  sixties  with  the  advent  of  multijoule  ruby  lasers 
iK  ■“  0.69/im).”"^*  Scaling  of  ion  kinetic  energies^'*- and  of  the  relative  number  of  blowoff 
ions^*  with  intensity  was  inferred  from  ion  collector  traces.  These  observations  were  in  agree¬ 
ment  with  planar  ablation  theory.  In  lal'^r  work  with  infrared  lasers  (A  *=  I.05/xm)  quantitative 
measurements  and  scalings  with  intensity  ot  blowoff  ion  velocities  and  mass  ablation  rates  were 
obtained”  (see  Sec.  IV).  The  charge  state  of  ablation  ions  was  al.so  measured  and  found  to  be 
in  good  qualitative  agreement  with  the  theory.” 

In  an  early  measurement,  time-resolved  pressure  generated  by  a  5-nscc  glass  laser  pulse 
was  inferred  at  a  single  irradiance  by  w.atching  the  velocity  of  an  opaque  front  (believed  to  be  a 
shock  wave)  in  the  irradiated  target.^*  Others  inferred  the  scaling  of  average  pressure  with  irra¬ 
diance  by  measuring  th,;  response  of  a  pendulum  when  it  was  struck  by  the  accelerated  target 
debris.”  In  this  experiment  target  momentum  was  inferred  from  the  pendulum  motion.  The 
target  area  over  which  the  momentum  acts  was  inferred  theoretically  and  pressure  was  deter¬ 
mined  using  the  formula:  pressure  =  momentum/ (area  x  la.scr  duration.)  A  similar  pendulum 
technique  was  used  to  measure  the  momentum  of  the  ablation  (blowoff)  plasma.”  Our  meas¬ 
urements  infer  ablation  pressure  from  the  pla.sma  blowoff  momentum  also,^’  ■*"  but  are  distin- 
quished  from  the  previous  work  in  that  the  area  from  which  the  momentum  arrives  is  e.xpi’ri- 
mentally  determined  and  the  contribution  of  sputter  or  reflection  from  the  pendulum  surface  is 
included  in  its  calibration.  Details  will  be  presented  in  .Sec.  III. 
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c.  Target  Velocity  Experiments 


Although  measurements  on  ubiutiveiy  accelerated  targets  have  just  recently  begun,  the 
experimental  techniques  are  improving  rapidly,  in  some  of  the  early  experiments.^*’  time-of 
flight  ion  collectors  were  a  common  diagnostic  of  target  motion.  These  detectors  collect  target 
debris  passing  a  point  far  removed  from  the  target  so  that  the  debris  time-of-flight  is  much 
greater  than  the  time  of  its  initial  acceleration.  Consequently,  the  technique  is  subject  to  criti¬ 
cism  that  the  target  during  the  crucial  acceleration  and  post-acceleration  phases  remains  unob¬ 
served.  The  acceleration  and  motion  of  planar  targets  were  also  studied  thru  observations  of 
the  shadow  cast  by  the  moving  target  when  it  is  illuminated  by  an  optical  probing  beam.^*’  In 
Mis  method,  though,  the  internal  structure  of  the  accelerating  target  (shadow)  is  also  unob¬ 
served.  Particularly,  it  is  hard  to  tell  whether  the  moving  shadow  edge  is  cast  by  the  dense  bulk 
ol  the  target  or  by  lower  density  plasma  preceding  and  obscuring  the  dense  part  of  the  target. 
Mote  recently,  space  and  time  resolved  velocity  profiles  of  targets  during  the  early  stages  of 
acceleration  were  obtained  by  bouncing  a  short  duration  probe  beam  off  the  target's  rear  surface 
and  observing  the  resulting  doppler  shift.'*'  Our  latest  experiments  permit  the  velocity  of  the 
dense  "bulk  target"  material  and  the  qualitative  nature  of  the  shadow  cast  by  the  target  to  be 
determined  with  a  unique  double-foil  technique.  Dense  targets  moving  at  velocities  of  100 
km/sec  have  been  observed.*’  This  technique  and  experimental  results  will  be  described  in 
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Section  III 

INSTRUMENTS  AND  METHODS 

The  apparatus  used  to  study  ablatively  accelerated  targets  consists  of  a  powerful  laser 
driver,  a  target  irradiation  facility,  and  associated  diagnostics.  An  overview  of  the  laser,  the 
irradiation  facility,  and  common  diagnostics  will  be  given  in  parts  A  and  B  below.  Then,  the 
diagnostics  and  methods  peculiar  to  our  experiment  will  be  described. 

A.  Laser  Driver 

The  driver  for  these  experiments  is  the  NRL  Pharos  II  Ndiglass  laser,  capable  of  deliver¬ 
ing  over  600  Joules  on  target  in  a  3-5  nsec  pulse.'  A  schematic  of  this  laser  is  shown  in  Fig. 
Ill.l.  The  master  oscillator  is  a  neodymium-yttrium-lithium-fluoride  (Nd:YLF),  passively  Q- 
switched  unit  lasing  at  a  1.054  ^im  wavelength.  This  is  followed  by  a  single  pass.  6.4  mm  aper¬ 
ture  Nd:YLF  preamplifier  and  two  Nd;phosphate  glass  rod  amplifiers  (diameters  (f>  =  23  mm, 
and  32  mm)  that  boost  the  oscillator  energy  800  fold.  The  laser  beam  is  then  split  into  two 
components  and  each  component  is  further  amplified  by  a  45  mm  aperture  rod  amplifier;  opti¬ 
cally  relayed  thru  two  disk  amplifiers  ((/»  =  67  mm,  and  105  mm);  and  then  relayed  again  into 
the  target  irradiation  area  and  onto  the  focusing  lens.  For  mo*",  of  the  shots  in  this  work  only 
one  iRiam  of  this  laser  was  used.  The  soft  aperture'  shown  in  the  diagram  was  installed  after 
our  experiment  was  complete. 

To  obtain  as  uniform  an  illumination  as  possible  over  a  large  area,  the  planar  targets  used 
in  these  experiments  are  placed  between  the  point  of  best  focus  and  the  near  field  of  a  1.2 
meter,  f/6,  aspheric  focusing  lens.  The  target  normal  is  tilted  6"  with  respect  to  the  laser  axis  to 
protect  the  laser  from  back  reflection  and  to  make  the  target  normal  accessible  to  diagnostics. 
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only  the  upper  laser  chain  was  used.  The  soft  aperture  in  the  diagram  was  installed  after  our 
work  was  complete. 
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Unless  otherwise  stated  in  the  text,  irradiance  is  varied  by  reducing  the  gain  of  the  disk 
amplifiers  so  that  the  spacial  irradiance  profile  does  not  change  significantly.  Typical  irradiance 
profiles  in  the  target  plane,  measured  with  a  thin-film  ablation  technique.^  are  shown  in  Fig. 

11.2.  The  focal  distributions  are  fairly  uniform  and  free  of  astigmatism,  irradiance  variation  in 
the  central  ringed  part  of  the  distribution  is  about  ±50%. 

B.  Target  Irradiance  Facility 

The  target  facility  of  the  laser-plasma  interaction  group  at  NRL  contains  the  final  align¬ 
ment,  focusing,  and  diagnostic  stages  of  the  Pharos  SI  laser,  a  chamber  that  contains  the  target, 
a  computerized  data  acquisition  system;  and  our  plasma/ target  diagnostics.  Thc.se  arc  ade¬ 
quately  described  in  the  literature’  so  only  an  overview  is  given  here.  Diagnostics  especially 
relevant  to  this  work  arc  described  in  parts  C  and  I). 

The  laser  beam,  discussed  in  part  A.  is  optically  relayed  from  the  laser  building  and  onto 
the  target  chamber  focusing  lens.  Incident  and  back  reflected  laser  light  is  monitored  utilizing 
rcdcctions  off  appropriately  placed  beam-splitter  surfaces.  Laser  energy .  temporal  history .  and 
the  spatial  irradiance  profile  in  the  target  plane  (sec  Fig.  III. 2)  arc  measured  on  each  shot  I  he 
laser  cnerg."  is  measured  with  an  Apollo  calorimeter.^  a  fast.  —.^1)0  p,scc.  MRD  510  PIN  diode 
coupled  to  a  Tektronix  7104  o.scilloscopc  mea.sure.s  the  temporal  history.  The  targets  to  be  irra 
diated  arc  placed  in  a  chamber  and  positioned  with  a  precise  XY/  Iran.  ator.  Planar  geometry 
is  choisen  for  our  experiments  so  that  both  the  frrrnl  and  the  rear  sides  of  the  target  arc  readily 
accessible  to  diagnostics.  The  chamber  ii.scif.  shaped  like  a  60  cm  diameter  octahedrrm-rhombi 
cube,  is  evacuated  to  about  50  microtorr  for  all  the  shots  in  Ihis  paper  Most  plasma  and  target 
diagnostics  arc  placed  in,  or  are  attached  :o,  this  chamber.  Other  diagnostics  view  the  plasma 
from  the  outside.  The  diagnostics  include 
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•  arrays  of  time-of-flighi  ion  collectors,  plasma  calorimeters,  and  ballistic  pendula  to 
directly  measure  the  plasma  or  target  velocity,  energy,  and  momentum  respectively. 

•  a  box-calorimeter  to  measure  laser  absorption.' ' 

•  an  optical  probing  beam  utilized  for  several  purposes,  e.g..  multiple  frame  shadowgra¬ 
ph)', interferometry.'  *’  doppler  shift  soundings,’  and  double  foil  experiments,*. 

•  a  Hadland  Imacon  675  streak  camera  with  S-1  and  S-20  tubes  used  in  the  double  foil 
exp^'riments.* 

•  astigmatic  spectrographs  used  to  measure  the  temperature  of  the  target  rear.*’ 

•  x-ray  diagnostics  such  as:  an  array  of  seven  PIN  diode  -  filter  combinations  to  meas¬ 
ure  1-10  KeV  emission  spectra;"'  four  filter-scintillalor-PMT  x-ray  detectors  which 
cover  the  10-50  KeV  region;  a  PIN  diode  -  Be  filter  device  to  time  resolve  1-2  KeV 
x-ray  emission;-'  *’  an  XUV  spectrograph;'  *’  x-ray  pinhole  cameras;  a  spcctrohclio- 
graph. 

•  and  others. 

C.  Ion  Diagnostics  and  Methods 

Figure  111.3  shows  the  setup  used  for  measuring  hydrodynamic  parameters  of  the  ablation 
plasma  and  of  the  accelerated  target.  The  laser  beam  enters  from  the  figure's  right.  Part  of  the 
beam  is  diverted  by  a  beam  splitter  and  used  to  measure  the  laser  beam  energy,  time  history, 
and  the  spacial  irradiance  distribution  in  an  equivalent  focal  lens  plane."  The  remainder  is 
focused  by  a  1 .2  meter  aspheric  lens  to  irradiate  a  planar  target  positioned  in  the  chamber  with 
the  aid  of  a  telescope  and  an  imaging  vidacon.  Shadowgraph)’  and  interferometry  are  also  used 
in  conjunction  with  this  experiment  (measurements  by  J.  A.  Stamper). 
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The  targets  themselves  are  either  thin,  wide  polystyrene  foils  l(CH)„:  2-40  /am  thick,  -3 
mm  widel.  or  thin  polystyrene  disks  10.3-1.2  mm  in  diameter).  In  Section  IV  we  will  explain 
the  need  for  both  types  of  targets.  Angular  distributions  of  velocity,  energy,  and  momentum 
are  measured  with  arrays  of  time-of-llight  ion  collectors,  plasma  calorimeters,  and  ballistic  pen- 
dula  arranged  around  the  chamber  periphery.  From  these  distributions  mass  ablation  rates, 
ablation  pressures  and  other  quantities  are  inferred.  Thc.se  nteasurements  will  be  presented  in 
Section  IV.  Below,  the  devices  themselves  arc  described.  The  in-situ  tests  and  calibration  ol 
the  ballistic  pendulum,  not  yet  done  in  other  laboratories,  are  described  in  detail. 

a.  Time-of-Flight  Ion  Collectors 

Asymptotic  ion  velocities  are  obtained  from  measurements  of  ion  current  a  known  dis¬ 
tance  from  the  target  surface.  A  schematic  of  an  ion  collector  used  for  such  measurement  is 
shown  in  Fig.  III.4a.  The  device  consists  of  a  flat  copper  collector  plate  biased  to  -  LSI)  volts 
with  respect  to  its  case  and  the  chamber  ground.  Expanding  plasma  enters  the  detector  through 
a  small  hole  and  a  copper  mesh.  When  the  plasma  comes  within  a  few  Debye  lengths  Ik/i  = 
(A7;./47r//,.<’’)’^M  of  the  collector  plate  the  ions  and  electrons  arc  separated.  The  electrons, 
whose  kinetic  energy  is  on  the  order  of  I  volt,  arc  repelled  to  the  earth  ground;  but  the  ions 
whose  energy  10  KeV  for  carbon)  is  much  greater  than  the  bias  voltage  and  neutrals  are  not 
affected  and  strike  the  collector.  To  verify  that  good  ion-electron  separation  docs  indeed  take 
place,  the  bias  voltage  was  reduced  by  a  factor  of  3  for  a  few  shots— with  no  significant  change 
in  signal. 

When  plasma  ions  or  neutrals  strike  the  collector  surface,  a  fraction  of  their  kinetic  and 
potential  energy  is  transferred  to  the  electrons  of  the  collector  metal.'*  "  '■*  If  this  energy  is 
greater  than  the  work  function  of  the  collector  some  (secondary)  electrons  escape  its  surface 
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and  arc  repelled  to  the  earth  ground.  Thus,  if  for  each  ion  of  charge  state  Z,.  y,  secondaries 
are  emitted,  the  collector  current  is  given  by 

where  N,  is  the  number  of  ions  of  charge  state  J  and  t*  is  the  electric  charge.  An  example  of  an 
ion  trace  is  shown  in  Fig.  ni.4b.  The  fust  small  "blip"  is  caused  by  x-rays  or  ultraviolet  light 
ejecting  electrons  from  the  collector  surface  as  the  laser  strikes  the  target.  This  blip  provides 
the  initial  time  marker  for  timc-of-flight  analysis.  An  important  feature  of  this  trace  is  that  it  is 
shif'ly  pi’aked  and  highly  moiioviierfieiic.  For  instance  the  timc-of-flight  velocities  at  the  FWHM 
points  of  the  trace  are  within  15%  of  the  peak  velocity— the  f'WflM  energies  are  within  30')ti  of 
peak  energy."  Therefore,  we  assume  that  the  charge  state  Z,  and  .secondary  electron  cocfTicicnt 
>,  are  approximately  constant  over  the  charge  collector  trace  and  simplify  Eq.  lIll.l)  to  read: 

^  =  vrZ  +  y)^.  (in.2) 

(li  (It 

Then,  from  the  current  of  an  ion  collector  a  distance  .v  away  from  the  target  we  may  con¬ 
veniently  calculate  the  time  averaged,  asymptotic  ion  velocity: 


The  velocity  Tt  is  tower  but  close  to  the  velocity  of  the  ion  trace  peak.  Note  that  since  we  use 
only  the  timc-of-flight  information  exact  values  of  the  ion  charge  state  Z  or  secondary  electron 
cocfTicicnt  y  need  not  be  known— only  the  approximate  constancy  of  these  quantities  over  a 
sharply  peaked,  highly  monocncrgctic  trace  is  as.sumcd. 

b.  Plasma  Calorimeters 


The  angular  distribution  of  ion  cncrg>  is  measured  with  minicalorimeter  pairs  arranged 
around  the  target''  ’’  (Fig.  III. 5a).  The  sensing  clement  of  each  calorimeter  consists  of  a 
"Obscrv.mon  of  even  more  nionncrergeite  !r.iecv  will  be  tlivcuweil  in  Seeiion  |\' 
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thin  tantalum  disk  (~1.2  mil  thick,  ~60  mil  diameter)  with  1  mil  chromel-constantin  thermo¬ 
couple  wires  spot  welded  to  its  rear.  The  other  ends  of  these  wires  arc  attached  to  two  small 
posts  of  a  connector  which  serve  as  electrical  contacts  and  a  temperature  reference  for  the  ther¬ 
mocouple.  When  energy  in  any  form  is  absorbed  by  the  tantalum  disk  its  temperature  is  raised 
producing  a  voltage  signal  at  the  thermocouple  reference  junction.  In  our  experiment  'empera- 
ture  changes  on  the  order  of  TK  arc  produced  yielding  voltage  signals  of  about  60  /iz  V.  This 
voltage  is  amplified  by  a  gain  1000  amplifier  and  read  out  on  an  oscilloscope  (Fig.  111.5b).  The 
output  impedance  of  the  thermocouple  junction  is  about  30.  A  typical  energy  measuring  unit 
consists  of  two  minicalorimeters  placed  side  by  side.  In  one  calorimeter  the  tantalum  sensor 
faces  the  plasma  directly  and  measures  all  incident  ion.  electron,  x-ray.  and  light  energy.  The 
other  calorimeter  is  covered  with  a  pyrex  glass  window  that  eliminates  ions,  electrons,  and  x- 
rays  but  passes  visible  and  near  infrared  light  wavelengths.  The  difference  in  the  signals  from 
the  two  detectors  is  attributed  to  ion  energy  —  x-ray'*  and  electron  energy  being  very  small  in 
comparison. 

Sensitivity  of  the  calorimeters  to  light  energy  was  measured  using  a  1.06  /xm  wavelength 
light  source.  Sensitivity  to  ion  energy  was  calculated  frorr.  •  le  known  properties  of  tantalum 
and  the  thermocouple"  assuming  that  all  of  the  incident  ion  energy  is  absorbed.  In  reality, 
some  of  the  energy  delivered  by  ions  is  lost  due  to  mechanisms  such  as  ion  backseat  ter,  sputtei- 
ing,'^  or  secondary  electron  emission.'*-  To  estimate  this  loss  wc''  placed  a  large  tantalum 
plate  19  cm  from  the  target  .surface  and  located  two  plasma  calorimeters  .so  that  one  (14  cm 
from  taigct)  measures  the  cnergy/area  of  the  incident  plasma  and  the  other  (17  cm  from  tar¬ 
get)  measures  the  cnergy/area  reflected  or  sputtered  from  the  tantalum  plate  (Fig.  III.6). 
Assuming  that  no  energy  loss  at  the  calorimeter  .surface  takes  place,  the  ratio  of  the  signals  in 
the  two  calorimeters  multiplied  by  (19/14)*  (to  account  for  the  relative  spacial  ion  distribution 

‘Thermocouple  scnsiiivity  ••  60fiV7'K  at  .tno*K.  call’ mole  °K. />  -  I6  6gni/cm‘ 

'Measuremeni  by  B  H.  Ripin 
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at  the  incident  energy  detector  and  the  tantalum  plate  surfaces)  approximates  the  fraction  of 
incident  energy  not  absorbed  at  the  surface.  This  fraction  at  an  irradiance  of  10'-’  W/cm^  is  3%. 
When  we  placed  pyrex  windows  on  the  calorimeters  signals  in  both  diminished  greatly  showing 
that  the  contribution  of  light  energy  is  negligible.  However,  since  the  sputtered  or  reflected 
material  has  an  angular  distribution  that  scatters  energy  into  and  out  of  the  solid  angle  viewed 
by  the  reflection  calorimeter,  the  actual  fraction  of  energy  not  absorbed  may  be  higher  than  the 
3')ii  estimated  above. 

c.  Ballistic  Penduia 

The  pendulum  is  a  conceptually  simple  device  that  has  been  used  in  the  laser-plasma 
interaction  context  to  determine  the  impulse  transferred  to  irradiated  targets'"^  and  the 
momentum  of  the  ablation  plasma.^'  These  experiments  are  configured  so  that  the  pendulum, 
placed  .some  distance  in  front  or  behind  the  irradiated  target,  intercepts  the  ablation  plasma  or 
target  debris— or  the  irradiated  target  is  attached  to  the  pendulum  itself.  In  either  case,  the 
impulse  of  the  material  impacting  the  pendulum  is  determined  from  the  amplitude  or  the  velo¬ 
city  of  its  swing;  these  have  been  measured  by  just  looking  at  the  pendulum,  using  a  position 
transducer,  or  a  velocity  sensitive  pick-up  coil.^'  Despite  the  apparent  simplicity  such  use  of 
penduia  is  viewed  with  skepticism  by  many  experimentalists.  Their  apprehension  is  easy  to 
understand:  The  pendulum  is  a  mechanical,  time  integrating  device  that  may  be  affected  by 
extraneous  mechanisms  due  to  the  clectricall>  noisy  environment  that  normally  exists  in  the 
chamber  during  a  shot.  For  example.  Coulomb  forces  between  a  pendulum  (if  it  became 
charged  through  pholoionizalion  for  instance)  and  the  target  or  chamber  walls  could  produce 
pendulum  deflection  that  could  be  misread  as  plasma  or  target  momentum.  Reflection  or 
sputter  of  material  from  the  pendulum  surface  could  also  produce  extraneous  deflections.  In 
addition,  the  pendulum  cannot  distinguish  between  momentum  from  the  laser-target  interaction 
region  and  irrelevant  momentum  (if  any)  produced  outside  the  interaction  region  by  energ) 
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leaking  through  the  focal-spot  periphery.  If  the  targets  are  very  thick,  momentum  formed  by 
the  laser-target  interaction  cannot  be  distinguished  from  the  momentum  of  materials  ciccied 
from  the  deep,  shock-formed  crater  that  remains  after  the  shot. 


Nevertheless,  the  pendulum  is  a  simple  device  that  measures  momentum  directly—//  the 
above  reservations  arc  adequately  addrc.sscd.  In  the  parts  that  follow  we  will  describe  pcndula 
we  have  built  to  measure  the  plasma  and  target  momenta,  determine  the  ablation  pressure,  and 
examine  the  validity  of  the  pendulum  technique. 


(c.  i)  Desif;ii  and  Bciwli  Calihration 


Wc  built  two  types  of  ballistic  pcndula:  one  type  designed  to  carry  a  target,  the  other 
designed  to  be  placed  far  from  the  target  (~30  cm)  so  as  to  intercept  ablation  plasma  or  target 
debris.  The  target  bearing  pendulum  is  shown  in  Fig.  111.7.  It  consists  of  an  elongated  plastic 
structure  (1  x  10  cm.  4.5  gm)  that  has  four  triangular  cavities  machined  into  its  middle.  Thc.se 
cavities  arc  designed  to  view  the  2n-$T  in  back  of  the  thin  foil  targets  attached  to  their  faces  and 
to  capture  all  of  the  accelerated  target  debris.  There  arc  four  cavities  on  one  pendulum  .so  that 
four  sequential  shots  can  be  taken  without  removing  the  pendulum  from  the  evacuated  target 
chamber.  The  pendulum  pivot  is  made  of  a  thin  blade  edge  resting  in  cylindrical  groves  of  the 
aluminum  suppor.  structure.  The  amount  of  friction  in  this  pivot  configuration  is  scry  small  as 
evidenced  by  the  long  decay  time  of  the  pendulum  swing.  (No  evidence  of  decay  in  10  cycles). 
Pendulum  motion  is  detected  by  a  pick-up  coil.*'  one  end  of  which  is  glued  rigidly  to  the  bot¬ 
tom  of  the  pendulum  structure  while  the  other  is  free  to  swing  in  a  3  mm  gap  between  the 
poles  of  a  permanent  3  KG  magnet.  The  pickup  coils  arc  made  of  200-1000  turns  of  1  mil 
insulated  copper  wire.  The  remote  pcndula  that  detect  ablation  plasma  or  target  debris  consist 
of  thin  mylar  or  brass  25  x  40  mm  collecting  surfaces  suspended  from  a  blade  pivot  (as  above) 
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or  by  two  thin  nylon  fishing  lines.  (The  latter  suspension  method  is  inferio'  since  it  permits 
the  pendulum  to  wobbic  about  the  vertical  axis.)  Motion  of  these  pendula  is  also  detected  with 
a  pick  up  coil. 

When  a  pendulum  is  struck  it  swings  at  its  natural  frequency  (2-3  11/.  in  our  C'lsc)  and 
induces  an  EMF  in  the  pick  up  coil.  The  magnitude  of  the  induced  voltage  is  rei.-:ed  to  the 
momentum  with  which  the  pendulum  was  struck  tiirough  the  following  equations  (.sec  Tig. 
III.8): 


=  2na  v,  B/c 

(Faraday's  Law) 

(III.4) 

pi  “  Ivjr 

(Momentum  Coiiservalion) 

(III..-;) 

/ 

(Frequency  of  Physical  Pendulum). 

(III.6) 

where:  is  the  peak  to  peak  induced  voltage,  n  is  the  number  of  turns  in  the  pick-up  coil,  a 

is  the  length  of  coil  in  the  magnetic  field,  v,  is  the  speed  of  the  coil  in  the  magnetic  field.  H  is 
the  magnetic  field  strength,  c  is  the  speed  of  light,  p  is  the  momentum  that  struck  the  pendu¬ 
lum  at  a  distance  /  from  the  pivot,  /  is  the  moment  of  inertia  of  tnc  pendulum,  r  is  the  distance 
from  the  pivot  to  the  part  of  the  coil  that  is  in  the  magnetic  field.  M  is  the  pendulum  mass,  p  is 
the  gravitational  acceleration  constant,  and  r/is  the  distance  from  the  pivot  to  the  pendulum 
center  of  mass.  All  the  units  arc  Gaussian. 

Combining  (III.4),  (III..*i),  and  (III.6)  we  obtain: 

/» (dyne-sec)  =  1.2  x  lO**  ,  r„,(/;/l  ).  (III. 7) 

iiHralr' 

All  of  the  parameters  in  (III. 7)  arc  easily  measured  permitting  a  convenient  and  reliable  bench 
calibration  of  the  pendulum. 

As  a  precaution  against  arithmetic  error  we  suspended  a  small  soft  wax  bob  (— O.O.'l  gm) 
from  a  thin  thread  (~.004  gm),  raised  the  bob  I  cm  and  released  it  to  swing  and  make  an  ine¬ 
lastic  collision  with  our  pendulum.  The  voltage  induced  in  the  pendulum  coil  agreed  with  that 
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expected  from  Eq.  (III. 7)  to  within  8"A.  The  sensitivity  of  our  pendula  ranges  from  7  to  34 
mV/dyne-sec,  depending  on  the  details  of  construction.  The  lowest  measurable  momentum  is 
determined  by  chamber  and  building  vibrations  that  couple  into  or  near  the  natuu.  mode  of  the 
pendulum.  In  our  laboratory  such  vibrations  are  equivalent  to  —5  x  10'  ’  dyne-sec— which 
corresponds  to  a  ~2  /im  horizontal  displacement  of  the  pick-up  coil. 

The  readout  elc>:tronics  for  the  voltage  induced  in  the  coil  (F-ig.  III. 9)  consist  of  a  high 
impedance  buffer  followed  by  a  gain  100  amplifier  and  a  low  pass  filter  that  eliminates  electrical 
or  vibrational  noise  frequencies  higher  than  10  Hz.  A  rcmotelv  controlled,  solid  state  switch  is 
used  to  damp  out  pendulum  motion  preceding  a  shot. 

(i\2)  lii-Siiti  Checkout 

Many  of  our  measurements  are  made  with  an  array  of  six  ballistic  pendula  placed  around 
the  target  at  -19°,  -33°,  -50°.  145°,  162°.  and  235°  to  the  target  normal.  Although  the  pen¬ 
dula  are  bench  calibrated,  there  is  no  guarantee  that  tney  will  continue  to  function  as  "adver¬ 
tised"  under  expcrintental  conditions— or  that  the  momentum  they  do  measure  is  relevant  to 
laser  fusion.  In  this  part  questions  dealing  with  the  in-situ  functioning  of  the  pendulum  array 
are  addressed.  Absolute  pendulum  calibration  will  be  discussed  in  part  c.4. 

The  remote  pendula  function  in  a  noisy  environment.  During  a  shot,  for  example,  the 
target  potential  may  rise  to  a  few  kilovolts,”  and  the  chamber  is  full  of  electromagnetic  noise 
that  is  easily  picked  up  by  a  wire  antenna.  The  pendula  surfaces  are  also  bombarded  by  charged 
particles  and  plasma  UV  or  x-ray  radiation. 

Do  phenomena  other  than  ion  impact  cause  pendulum  dejieition? 

To  see,  we  shielded  (with  mylar)  the  front  of  the  pendulum  collecting  surface  from  direct  ion 
impact  and  radiation— and  noted  no  significant  pendulum  response  during  a  shot.  Wc  also  used 
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a  thin  1000  A  polystyrene  shield  that  stops  ions  but  passes  much  of  the  incident  plasma  radia¬ 
tion  through  to  the  pendulum  surface  (more  than  40%  of  the  energ>  from  0.05-0.7  KeV  and 
more  than  95'Ki  of  the  energy  from  0.7-50  KeV'  passes  through  to  the  pendulum  surface"). 
Again,  we  noted  no  signiftcant  pendulum  response  during  a  shot. 

Arc  six  remote  pendula  adequate  to  meusute  ablation  and  turret  momentum 

A  basic  requirement  of  a  momentum  measuring  array  is  that  it  confirm  momentum  conser\a- 
lion  in  the  system  being  measured.  Our  array  will  not  balance  target-ablation  plasma  momen¬ 
tum  if  the  pendula  do  not  sample  ablation  plasma  and  target  mass  properlt.  or  if  the  various 
pendula— all  of  which  function  in  dilTereni  immediate  surroundings~are  aflccted  b> 
phenomena  other  than  material  impact.  To  check  this  out.  we  irradiated  a  12pm  CH  foil 
attached  to  the  target  bearing  pendulum  that  collects  all  the  target  mass  and  verified  that  the 
target  momentum  and  the  simultaneously  measured  blowolV  momentum  normal  to  the  target 

J«»/2 

pi9)  cos9  sine  d9  (111.8) 

balance  to  within  30%  (Fig.  Ill. 10).  In  Eq.  (111.8)  p{9)  is  the  momentum  per  stcradian  meas¬ 
ured  at  an  angle  «  and  cylindrical  symmetry  about  the  target  normal  is  assumed.  .Similar  bal¬ 
ance  between  remotely  measured  ablation  plasma  and  target-debris  momenta  for  disk  targets  of 
varying  diameter  and  thickness  (0  3-1.2  mm.  5-‘0pm)  with  varying  absorbed  irradiance  and 
la.ser  energy  (5  x  10'*  --  3  x  lO'-’  W/cm*.  10  —  150  J)  was  also  obtained,  as  shown  in  Fig. 
111.11. 

(c.J)  Choke  of  Target 

In  planar  geometry  cxperiincnt.s.  where  a  iinitc  diameter  laser-spot  irradiates  a  wide  foil, 
care  must  be  taken  that  events  beyond  the  focal-spot  periphery  do  not  influence  the  experimen¬ 
tal  results  too  much.  Such  events,  if  significant,  could  not  only  coniplicate  interpretation  of  the 
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results  but  could  make  them  irrelevant  to  laser-fusion  since  a  fusion  pellet  surface  has  no 
edges.  Often  the  finiteness  of  the  laser-spot  is  not  a  major  problem  since  the  phenomenon 
investigated  requires  high  energies  that  exist  only  within  the  focal-spot  (c.g..  high  energy 
X  rays),  or  the  diagnostic  has  time  resolution,  or  the  diagnostic  has  spatial  resolution.  But  a 
pendulum  has  none  of  these  features:  It  is  time-integrating,  has  no  spatial  resolution,  and  a 
small  amount  of  energy  can  easily  heat  a  large  amount  of  mass  to  produce  a  large  momentum 
(£  -  pV2m).  Small  amounts  of  such  extraneous  energy  may  be  provided  by  thermal  conduc¬ 
tion  through  the  focal-spot  periphery,  by  plasma  flow  along  the  target  surface,  or  by  radiation 
from  the  plasma  plume.  We  note  that  a  hole  many  times  the  size  of  the  laser-spot  remains  in 
the  target  foil  after  a  shot  so  that  during  or  after  the  laser  pulse  a  lot  of  mass  was  released.  We 
also  observe  that  liquid  or  solid  target  material  has  at  times  been  accelerated  over  a  distance  of 
one  meter— and  can  presently  be  found  on  the  inner  surface  of  our  focusing  lens.  The  situa¬ 
tion  is  further  complicated  since  the  heating  mechanisms  may  vary  with  laser-spot  size  or 
energy  or  laser  irradiance.  For  example,  thermal  conduction  that  may  not  be  significant  at  lO'^ 
W/cm^  will  increase  at  lO'^  W/cm^  (/c  <*  «  / )  and  cause  more  momentum  from  beyond 

the  focal-spot  to  be  produced. 

For  these  reasons  we  ordinarily  use  only  disk  targets  with  the  pendulum  diagnostic 
These  disks  have  no  significant  mass  outside  their  edges.  Also,  since  their  areas  are  well 
known,  average  irradiance  and  momentum  per  unit  area  ma>  be  reliabi)  calculated. 

The  extent  of  the  problem  that  may  occur  if  wide  foil  targets  and  ballistic  pcndula  arc 
used  together  is  shown  by  the  following  experiment:  We  measured  the  target  debris  and  plasma 
blowoff  momenta  (with  the  pendulum  array)  of  .M)pm  thick  CM  foils  as  a  function  of  laser- 
spot  size  which  was  varied  b>  aperiuring  the  incident  laser  beam.  The  irradiance  was  I  x  10'' 
W/cm*  and  the  momenta  were  calculated  using  equation  III. 8  As  Fig.  III. 1 2  shows,  the  ratio 
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Fig.  111.12  —  Ratio  of  blowoff  to  target-debris  momenta  at  1  x  10'^  W/cm^  as  a  function  of  laser 
spot  size.  Momenta  are  measured  with  the  remote  pendulum  array 
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of  blowofT  to  target-debris  momentum  dues  not  stay  constant  but  increases  dramatically  with 
laser-spot  size.  An  examination  of  the  momentum  per  unit  fwal-spot  area  (Witi  energy  con¬ 
tent)  shows  that  the  variation  in  I'ig.  111.12  is  due  to  a  corresponding  variation  in  the  blowofT 
momentum;  the  target  debris  momentum  per  unit  laser-spot  area  does  not  vary  by  more  than 
±25'!f>,  a  scatter  consistent  with  shot-to-shot  variation  and  uncertainty  in  the  laser-target 
interaction  area  as  the  spot  size  is  changed.  These  results  are  explainable  if  an  energy  source 
whose  effect  increases  with  spot  size  (plasma  plume  radiation  for  example?)  heats  a  lot  of  sur¬ 
face  material  that  is  sensed  by  the  blowofT  pendula.  but  does  not  create  suflicient  pressure  to 
accelerate  foil  material  outside  the  focal  spot  (Fig.  111.13).  To  avoid  such  complications  we  usc 
disk  targets  with  the  pendulum  diagnostic. 

k-.4)  Ahsohuc  Calihratioit 

The  nature  of  the  plasma-pendulum  collision  (elastic?,  inelastic?)  and  sputtering  from  die 
pendulum  surface  affect  its  in-situ  calibration.  To  account  for  these  effects,  the  momentum  of 
ions  reflected  or  sputtered  from  a  pendulum  surface  is  measured  and  the  benct-  '.-alibration  (Eq. 
III. 7)  appropriately  adjusted.  A  mass  accounting  technique  and  a  comparison  of  pendulu.n 
measurements  to  those  of  other  diagnostics  verify  the  calibration. 

The  double  pendulum,  sketched  in  Fig.  111.14.  consists  of  two  pendula  enclosed  in  an 
aluminum  shield  containing  a  small  hole.  Plasma  enters  through  the  shield's  hole  striking  the 
pendulum  surface  being  calibrated.  Any  material  reflected  or  sputtered  from  this  surface  is 
detected  by  a  second  pendulum  built  in  tnc  shape  of  a  rectangular  cavity."  We  assume  that  no 
subsequent  reflection  or  sputtering  takes  place,  or  that  particles  reflected  or  sputtered  off  one 
part  of  the  cavity  surface  eventually  deposit  their  momentum  within  another  part  of  the  cavity. 
Consequently,  we  write: 

'This  m>l.ir  i.niu  h,is  ihc  ihmcnsKins  (wiilih  »  ncighi  »  «lor:hl  '  4  »  ’  ?  »  I  h  im  .mil  h.is  iwii  I  0  «  I  0  ini  pl.ism.i 
entry  holes  The  surfsce  bein*  calibrilcd  is  bent  I0'-15'  to  the  vertical  axis  so  that  ions  reflecting  in  a  mirror-like 
fashion  do  not  escai>e  nack  thiough  the  hole. 
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Fig.  III.13  —  Model  that  may  explain  the  results  of  Fig.  III.  11.  Extra  blowolT  momentum  seen 
by  ballistic  pendula  comes  from  regions  beyond  the  focal-spot. 
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where  p  is  the  momentum  of  the  plasma,  p\  is  the  momei’’  of  the  pendulum  being  cali-  j  3 

brated,  yp  is  the  momentum  of  sputtered  or  rcficeted  material  and  />;  is  the  momentum  depo-  J 

sited  in  the  cavity  of  the  second  pendulum.  The  quantity  fi  is  a  calibration  factor  relating  pen-  h 

■% 

dulum  momentum  (using  bench  calibration)  to  the  momentum  of  ihe  incoming  plasma.  It  is 
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The  value  of  /3  was  determined  for  both  brass  and  mylar  surfaces  to  be  2.4  ±  0.6  (Table  Ill.l)."  ra 
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To  verify  this  calibration  we  compare  the  mass  of  a  disk  target  to  the  mass  sidci  ‘.cd  from 
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remote  measurements  of  ablation  plasma  and  target-debris  energies  and  mom*  -  using  M 
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The  results  (Table  III.l)  show  that  wc  account  for  the  disk  target  mass  to  much  better  than  a  l| 
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factor  of  two.  Had  we  not  calibrated  the  pendulum  in-situ  the  calculated  mass  would  have  been  11 

six  times  larger.  A  comparison  of  ihe  ablation  plasma  momentum  measured  with  pendula  and  1 
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inferred  from  energy  and  velocity  measurements  |/?(ff)  =  lFA9)lu(9)]  using  Eq.  111.8  at  irradi-  w 

ances  between  4  x  |0"  ar  >  4  x  10”  W/cm^  is  also  shown  in  Table  111.1.  The  two  agree  to  H 
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D.  Double  Foil  Technique'' 

Final  target  velocities  must  be  accurately  measured  so  that  the  viability  of  the  hollow  pel¬ 
let  concept  may  be  tested.  Previous  studies  of  planar  target  motion  involved  asymptotic  meas¬ 
urements  that  inferred  target  velocity  from  the  velocity  of  its  debris,  but  could  not  diagno,se  the 
target  directly;  and  optical  methods  that  could  not  distinguish  between  the  high  density  bulk  of 
the  target  and  the  lower  density  plasma  that  may  prccccd  and  obscure  it.'’  The  double-foil  tech¬ 
nique  permits  time  resolved  diagnosis  of  the  high  density  pari  of  the  accelerated  target.  The 
technique  consists  of  placing  a  thin  foil  (impact  foil)  some  distance  behind  the  laser-accelerated 
target.  Upon  collision  with  the  lascr-accelcreled  target  the  impact  foil  responds  and  the 
behaviour  of  the  target  is  inferred  from  this  re.sponsc  (I’ig.  111.15). 

The  choice  of  the  target  and  impact  foil  material,  their  dimensions,  and  the  spacings 
between  the  two  foils  depend  on  what  is  being  studied.  Generally,  the  impact  foil  should  be 
thin  enough  so  that  the  shock-transit-time  from  its  front  to  rear  surfaces  is  shorter  than  any 
other  resolvable  time  scale  of  interest.  Examples  of  such  time  .scales  are  the  time-of-flight  of 
the  target  to  the  impact  foil,  or  the  time  .scale  over  which  the  double  foil  collision  lakes  place 
(--  target  thickness/ target  velocity).  If  the  shock-lransit-time  is  short,  it  may  be  ignored,  and 
the  target  bchaviou'  at  the  front  surface  of  the  impact  foil  directly  related  to  the  response  at  the 
rear  of  the  impact  foil.  If.  in  addition,  we  choose  the  areal  density  of  the  impact  foil  to  be 
much  greater  than  that  of  the  target  we  nwy  be  able  to  time  resolve  its  recoil  and.  using  simple 
Newtonian  mechanics  or  a  fluid  code,  determine  the  target  impul.se  and  density  profiles  ( A 
high  areal  density  is  required  .so  that  the  accretion  of  target  mass  on  the  impact  foil's  surface  is 
negligible.)  Unfortunately,  we  have  determined  (.Section  IV)  that  the  recoil  of  the  impact  foil  is 
obscured  by  low  pressure  (and  probably  low  density)  material  ejected  from  its  rear  surface  after 
the  collision  so  that  x-ray  backlighting  (not  yet  available  in  our  laboratory)  may  be  required  to 

"Kupcnmcni  done  together  with  S  P  Obcnsch.im 
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do  this  experiment."  Meanwhile,  the  response  of  the  impact  foil  to  its  collision  with  the  target 
is  being  used  to  measure  the  velocit\  of  the  dense  target  (Section  IV).  and  to  study  the  effects 
of  nonuniform  •rradiance.’*  nonuniform  Kirgei  dcnsit\.  nonuniform  target  thickne.ss.  or  target 
ripple^^  on  the  uniformity  of  the  acceleration.  For  most  of  the  target  velocity  measurements 
reported  here  the  target  was  a  7  or  lOum  thick  polystyrene  foil  and  the  impact  foil  was  1  /xm 
aluminium.  Spacing  between  the  foils  was  typically  200-700 /.t  m.  Details  of  the  target-impact 
foil  collision  arc  described  in  Section  IV. 

The  experimental  setup  is  shown  in  Fig.  III. lb.  Shadows  of  the  target  and  impact  foil  are 
viewed  in  two  wavs:  A  two-dimensional  image  is  frozen  in  time  by  a  short  (<  O..**  nsec)  .‘'270  k 
probe  pulse*’  synchronized  with  respect  to  the  main  laser.*  or  a  one-dimensional  but  continuous 
(in  time)  image  is  obtained  with  a  streak  camera  Oladland  Imacon  b7.S  with  an  S-1  tube).  In 
the  latter  case  illumination  is  provided  by  a  long  duration  (~  10  nsec)  laser  probe  made  by  fre¬ 
quency  doubling  and  slacking  a  small  portion  of  the  main  laser  pulse.  Time  markers  cut  into 
the  probe  by  a  fast  pockcls  cell  provide  a  convenient  time  calibration. 


"Wc  note  ih.il  the  use  of  the  double-liul  icchnique  lo  hiihIcI  iiuitiishelled  iK'lleis.  lo  Mud\  \eli>i-ii>  niuliiphc.iiinn.  .ind  Mniil.if  ex 
twriments.  is  alsf>  -'f  gre.ii  inieresi. 
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Section  IV 

EXPERIMENTAL  RESULTS 

In  this  section  the  momentum,  energy,  and  velocity  characteristics  of  plasma  ablating 
from  planar  targets  irradiated  by  long  (4  nsec  FWHM.  <  10''*  W/cm*)  Nd-laser  pulses  are 
measured.  The  dependence  of  ablation  parameters  such  as  ablation  pressure,  ablation  velocity, 
and  mass  abiatinn  depth  (or  mass  ablation  rate)  upon  absorbed  irradiance  is  determined  and 
compared  to  existing  theory.  Large  laser  spots  are  used  in  these  experiments  so  that  the  results 
are  not  sensitive  to  boundary  affects.  Velocity  of  the  dense  accelerated  target  is  measured  with 
a  novel  double-foil  technique  and  compared  to  predictions  made  from  the  ablation  parameters 
and  a  simple  rocket  model.  Dense  target  velocities  larger  than  100  Km/scc  have  been 
observed. 

A.  Angular  Distribution  of  Ablation  Plasma 

Angular  distributions  of  the  ablation  plasma  energy  /:(»).  momentum  p(9),  and  velocity 
uio)  for  an  i'  -ated  disk  target  arc  shown  in  Fig  IV.l;  h  is  a  mean  velocity  unfolded  from  ion- 
collector  traces  as  explained  in  Section  III.  All  detectors  arc  in  the  horizontal  plane  and  cylindr¬ 
ical  symmetry  about  the  target  normal  is  assumed.  Angular  dis.ributions  from  various  disk  (0.3 
to  1 .2  mm  diameter)  and  wide  foil  targets  have  similar  shapes.  The  angular  distribution  of  the 
blowoR  momentum,  for  example,  may  be  characterized  by  a  half-cone  angle  cos  '  (Pj  /P)  = 

40°  for  both  the  disk  and  wide  foil  cases;  /*  is  the  normal  component  of  the  total  momentum  P 
obtained  by  integrating  pi9)  over  all  solid  angles.  We  use  such  angular  distributions  to  deter¬ 
mine  the  magnitudes  and  scaling  with  irradiance  of  the  ablation  parameters.  Although  any  two 
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of  the  measured  quantities  would  have  been  sufTicieni,  we  measure  all  three  with  independent 
diagnostics  to  verify  the  self  consistency  of  our  results. 

To  examine  the  nature  of  plasma  flow  from  the  target  surface  we  irradiated  a  polystyrene 
target  onto  which  we  evaporated  two  small  aluminum  dots  (260  /it  m  diameter.  2  /nm  thick)  as 
sketched  in  Fig.  IV.2.  An  x-ray  pinhole  camera  (>  I  KeV)  viewed  the  target  and  dots  edge- 
on.®  We  assume  that  plasma  from  the  slightly  raised  aluminum  dors  follows  the  same  flow  pat¬ 
tern  as  plasma  from  the  rest  of  the  target.  Since  aluminum  is  a  much  stronger  x-ray  emitter 
than  CH  in  the  sensitive  range  of  the  pinhole  camera,  the  emission  for  the  aluminum  dots  acts 
as  a  tracer  for  the  overall  plasma  flow. 

The  results,  shown  in  Fig.  IV.3.  are  reminiscent  of  a  fluid  flow  pattern  near  the  surface  of 
a  disk.  In  particular,  the  flew  direction,  and  therefore  the  blowoff  angular  distributions  in  Fig. 
IV.  1  appear  to  be  largely  determined  near  the  target  surface.  This  is  consistent  with  the  above 
observation  that  the  angular  distributions  of  ablation  parameters  for  targets  irradiated  by  various 
spot  sizes  are  similiar.  Fig.  IV.3  also  suggests  that  ablation  plasma  from  a  region  of  the  target 
surface  maps  into  a  distinct  solid  angle.  Consequently,  small  detectors,  many  centimeters  from 
the  target  surface,  sample  plasma  that  originated  from  different  regions  of  the  target.'’  There¬ 
fore.  when  calculating  plasma  parameters  characteristic  of  an  entire  target  irradiated  by  a  spa- 
tialy  nonuniform  laser  beam,  such  as  average  pressure  on  a  target  surface,  the  entire  plasma 
angular  distribution  should  be  taken  into  account. 

B.  Measurement  of  Ablation  Parameters 

Scaling  of  ablation  pressure  with  ab.sorbed  irradiance'  is  shown  in  Fig.  IV.4. 

The  pressure  is  deduced  from  «=  P.JtA  where  r  is  the  lAVMM  laser  pulse  duration  (4  nsec) 

"Mcasurcmcnl  by  M.J.  Hcrbsi  l-or  a  fuller  dcwipiion  w  M  J  ItcrbM  and  J  (Jiun.  NRl.  Memo  44.t6.  1980,  submil- 
ted  for  publication 

When  the  plasma  becomes  collivsionicss  thermal  expansion  hiII  modify  this  simple  picture  However,  the  ratio  of  ion 
thermal  to  directed  velocity  is  small  so  that  the  modification  is  small 
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IV. 4.  Ablation  pressure  versus  absorbed  laser  irradiance  for  disks  and  wide  foil  targets, 
data  denoted  by  ■.  •  are  inferred  using  momenta  measured  with  ballistic  oendula.  The 

1'.  A.  O  are  obtained  using  calorimeter  and  time-of-flight  measurements. 


J.  (iRUN 


NRl.  MKMORANDUM  RI-.P()R1  4491 


of  the  absorbed  irradiance  (Fig.  IV. S).  Here  is  mass  ablation  rate.  From  these  scalings,  and 
the  one  dimensional  rocket  equations. 
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where  m„  is  the  initial  target  (rocket)  mass,  it  can  be  shown  that  the  initial  thickness  of  a  target 
accelerated  to  a  given  velocity  for  a  constant  pulse  duration,  varies  as  «■  /j*  whereas  the 
hydrodynamic  efficiency  varies  weakly  asij*  «  Consequently,  increasing  target  thickness 
and  irradiance  to  lower  the  aspect  ratio  and  increase  the  smoothing  of  irradiance  nonuniformi- 
tiW  causes  only  small  changes  in  hydrodynamic  efficiency. 


These  ablation  results  are  in  basic  agreement  with  planar^"’  and  spherical  geometry*  ’ 
theories  (shown  in  Table  IV.  1),  though  agreement  with  Jarboe's  et  al.  theory’  that  fixes  the 
sonic  plasma  exhaust  at  critical  density  is  not  that  good.  Theories  assuming  inhibited  thermal 
transport  in  the  region  between  the  ablation  and  critical  surfaces  are  not  in  very  good  agree¬ 
ment  with  experiment.  Consequently,  it  appears  that  basic  conservation  laws  without  any  ad- 
hoc  thermal  transport  inhibition  control  the  laser-plasma  interaction  in  this  irradiance  and 
pulse-length  regime. 


C.  Laser  Spot-Size  and  Target-Diameter  Effects 


Studies  on  flat  targets  arc  subject  to  the  criticism  that  phenomena  at  the  focal-spot  peri¬ 
phery  may  distort  effects  ascribed  to  the  spot  as  a  whole.  Such  finite  laser-spot  effects  may 
include  sclf-gcneratco  magnetic  fields"  or  energy  leakage  laterally  across  the  focal-spot  edge. 
Moreover,  extraneous  plasma  from  areas  outside  the  focal-spot  may  also  contribute  to  the 
observed  results.  To  check  for  these  effects  we  placed  planar  targets  in  the  ncar-ficid  of  the 


J  (iRPN 


(uiri)  p  Hidaa  NOixxnav 


60 


NRi,  mi:m()rani)i;m  ri.I’ori  4491 


Table  IV.  1  Summary  of  theories  discussed  in  Section  II 
and  Tabie  II.  1.  Table  entries  are  the  exponents  in 
a  =  /"  where  a  is  an  ablation  parameter.  Theories 
referred  to  are  found  in  references  3-10. 


THEORY 

d  or  m 

KIDDER 

.75 

.25 

.50 

CARUSO 

.75 

.25 

.50 

AHLBORN 

.78* 

.22* 

.56* 

JARBOE 

.66** 

.33** 

.33** 

PUELL 

.78 

.22 

.56 

NEMCHINOV 

.78 

.22 

.56 

GITOMER 

.56 

MAX 

.57 

.09 

.48 

EXPERIMENT 

0.8 

0.2 

0.6 

•tj  IN  AHLBORN'S  EXPRESSIONS  HAVE 

HERE  BEEN  TREATED  AS  CONSTANTS,  q  IS  THE 
ABSORPTION  FRACTION. 


••JARBOE  ET  AL.  DERIVE  EXPLICITLY  A  RELA¬ 
TION  FOR  M,  ONLY.  TO  GET  THE  OTHER  TWO 
QUANTITIES  WE  USED  THE  RELATIONS 
oc  n,u^^  AND  OT  ot  n,  m,  IMPLIED  BY  HIS 
THEORY,  n,  IS  THE  CRITICAL  DENSITY 


J  (iRUN 


focusing  lens  and  varied  the  spot-size  by  aperturing  the  laser  beam  while  monitoring  the  abla¬ 
tion  velocity.  Because  of  laser  energy  limitations,  this  experiment  used  an  average  irradiance  of 
I  X  10'^  W/cm^  But  even  at  this  low  irradiance  the  velocity  did  vary  with  spot-size"  (Fig. 

IV. 6).  Notice,  however,  that  velocity  changes  were  small  if  the  laser  spot  diameter  was 
sufficiently  large  (>  1  mm). 

Both  the  spatial  profile  of  the  incident  irradiance  and  the  fraction  of  energy  escaping 
through  the  focal  spot  periphery  change  with  varying  spotsize.  Since  the  number  of  ions  at  a 
particular  velocity  depends  on  absoroed  irradiance,  these  phenomena  could  contribute  to  the 
velocity  variation  in  Fig.  IV.6a.  Lateral  heat  flow  especially  could  shift  energy  from  a  higher  to 
a  lower  portion  of  the  cfTcctive  irradiance  profile  and  increase  the  fraction  of  low  velocity  ions. 
Large  spot-size  experiment,  with  relatively  uniform  illumination,  have  a  smaller  fraction  of 
absorbed  energy  escaping  through  their  edges  and,  therefore,  behave  independently  of  spot-size 
diameter. 


Stationary  ablation  should  pr^'duce  highly  peaked  ion  velocity  distributions. In  most 
of  our  cases  the  ion  velocity  distributions  are  highly  peaked  with  a  peak  velocity  to  FWHM 
ratio  of  3:1.  However,  under  some  experimental  conditions  even  narrower  distributions  (peak 


velocity:  FWHM  —  7:1)  and  broader  distributions  (peak  velocity:  FWHM  -  2:1)  arc  observed. 
These  are  shown  in  Fig.  IV.6b,c.  We  note  that  generally  disk  targets  produce  narrower  traces 
then  foil  targets,  small  laser  spots  produce  narrower  traces  than  large  laser  spots,  and  small 
diameter  disks  produce  narrower  traces  than  large  diameter  disks.  Also,  the  spread  of  the  most 
highly  peaked  cases  is  consistent  with  that  expected  from  temporal  variation  of  the  laser  beam 
alone.*  However,  various  experiments  that  attempted  to  identify  the  cause  of  the  ion  trace 
broadening  proved  inconclusive 
‘’Mc.isurcmcni  by  R  Dccosic 

*W'c  .issiimc  ih.ii  ihc  iimc  .ivcr.igcil  sc.ilings  m  p.iii  B  .ippl\  .11  c.ich  poini  m  iimc  .is  »cll  Wc  ihcn  obl.iin  il\<t  /"'’(/ )</f 
.mil  /(«/"*(;)  where  /.  V,  11.  r  .mil  the  ifrjili.mcc.  iiiimhor  iif  urns,  ion  scloeiiv  .m,.  nme  respectively 
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Fig.  IV.6.(a).  Ablation  velocity  Mi  vs  interaction-area  diameter  for  wide  foil  targets. 
(Interaction-area  is  defined  as  the  area  containing  90%  of  the  incident  laser  energy.) 
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(b),  (c).  Examples  of  narrow  and  broad  ioti  collector  traces.  The  collectors  arc  28  cm  from  the 
target  and  at  an  angle  of  2°  to  its  normal. 
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Accordingly,  to  get  results  representative  of  large  systems,  our  experiments  with  foil  tar¬ 
gets  are  done  using  1-mm  diameter  laser  spots.  Uniformly  irradiated"  disk  targets  are  also  used 
in  some  cases.  These  disks  have  two  advantages  over  foil  targets;  first  they  provide  an  unambi¬ 
guous  interaction  area  to  use  in  calculating  irradiance  and  ablation  pressures  or  mass  ablation 
depths;  second,  any  laser  energy  that  escapes  the  interaction  area  is  easily  measured  and  the 
effect  on  ablation  parameters  is  easily  estimated.  A  small  amount  of  energy,  in  fact,  docs 
escape  from  the  front  (laser  side)  to  the  rear  of  disk  targets.  This  is  shown  in  Fig.  IV.7  where 
the  energy  measured  at  target  rear  and  the  expected  target  kinetic  energy  (from  a  one¬ 
dimensional  rocket  model)  are  compared.  For  small  diameter  disks  (300-600 /xm)  less  than 
20%  of  the  absorbed  energy  flows  to  the  target  rear  whereas  for  large  diameter  disks  (i  mm) 
this  amount  is  only  5%.  Such  small  energy  loss  out  the  target  edge  has  minimal  effects  on  the 
measurement  of  ablation  parameters. 

At  the  irradiances  employed  here,  this  lost  energy  is  probably  due  to  the  flow  of  hot  ther¬ 
mal  plasma  around  the  disk  edges.  Energetic  superthermal  electrons  are  not  the  dominant 
mechanism''  as  evidenced  by  the  low  x-ray  emission  observed  above  20  keV.'’  Also,  no  surface 
plasma  is  seen  at  the  rear  of  wide  (—  3  mm)  foil  targets;  only  the  kinetic  energy  of  the 
accelerated  target  is  observed  (Fig.  IV. 7). 

D.  Target  Motion 

The  pressure  of  plasma  ablating  from  the  surface  of  a  planar  foil  target  compresses,  heats, 
and  moves  the  foil.  Mechanisms  that  may  heat  the  target  arc  shocks  set  up  by  the  pressure.'*’ 
thermal  conduction  of  heat  from  the  ablation  surface,  or  deposition  of  x  rays  created  in  the  hot 
ablation  plasma.  Temperatures  of  2-8  cV  have  been  measured  at  the  rear  of  aluminum  foils 

’’To  ensure  umrorni  irrudidtion  ihc  diamcicr  of  the  laser  spot  is  chosen  to  be  larger  than  the  diameter  of  the  disk 
About  (iS%  of  the  incident  laser  cncrg>  acluallv  irradiates  the  -disk,  remaining  inicnsiis  sariaiions  are  ±5Q‘ki 
‘Measurement  by  F  Young 


64 


NRL  MKMORANlHiM  RKTOKT  4491 


ADa3Na  aaaaosav/avaa  laoavi  iv  ADa3N3 


65 


ABLATION  DEPTH/TARGET  THICKNESS  (d/do) 

Fig.  IV. 7.  Fraction  of  absorbed  energy  at  the  rear  of  disk  and  wide  foil  targets  vs.  fraction  d/dg 
of  material  ablated  from  the  target  surface.  The  line  is  the  hydrodynamic  efficiency  of 
acceleration  calculated  with  the  planar  rocket  model  discussed  in  reference  111.6, 
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irradiated  under  the  conditions  of  this  dissertation  and  have  been  ascribed  to  ihe  latter  pro¬ 
cess.'^  Therefore,  the  target  we  accelerate  may  not  be  a  solid  but  rather  a  liquid  or  a  gas  or  a 
hopefully  well  confined  plasma.  Below,  we  pre.scnt  evidence  that  the  accelerated  target  is  com¬ 
posed  of  a  high-density,  high-pressure  region  preceded  by  a  low-density,  low-pressure  region; 
the  velocity  of  the  dense  target  region  is  also  determined. 

a.  Double-Foil  Shadowgraphy 

Figure  IV. 8a.  b.  and  c  shows  .shadowgrams  of  a  Ifim  CH  foil  target  (irradiated  at  5  x  10'* 
W/cm*)  photographed  before  (a).  1.3  nsec  (b).  and  3.8  nsec  (c)  after  the  peak  of  the  laser 
pulse.  Both  Fig.  IV. 8b  and  F'ig.  IV  8c  arc  taken  during  the  same  shot.  The  leading  edge  of  the 
shadow  of  the  target  rear  moves  about  400 /am  in  2.5  nsec  at  a  speed  of  1.6  x  lO’  cm/.sec.  Fig. 
IV. 8d,  :.  and  f  shows  a  similar  10 /am  CH  foil,  under  the  .same  irradiance  conditions,  but  with  a 
7 /am  aluminum  impact  foil  placed  400 /am  behind  it.  Note  that  the  10/am  CH  target  shadow 
has  already  collided  with  the  impact  foil  1.3  nsec  after  the  peak  of  the  laser  pulse  (F'ig.  IV. 8e); 
but  the  impact  foil  does  not  react  immediately!  In  fact  the  first  sign  of  the  impact  foil's  reac¬ 
tion  occurs  only  3.8  nsec  after  the  peak  of  the  laser  pulse  —  more  than  2.5  nsec  after  the  colli¬ 
sion.  Since  the  impact  foil  is  thm  enough  .so  that  .shock  transit  time  from  its  front  to  rear  is  less 
than  1.4  nsec  (sound  speed  in  cold,  uncompressed  Al  is  ~  5  x  10"  cm/.sec).  we  interpret  the 
delay  as  being  due  to  the  leading  edge  of  the  .shadow  not  exerting  enough  pressure  for  the 
second  foil  to  react.  Now,  because  the  prc.ssure  e.xeried  by  a  moving  mass  is  proportional  to  its 
density  '.‘S^a/jv’).  low  pressure  implies  a  low  density  (for  a  constant  high  velocity)  and  high 
pressure  implies  a  high  density." 

Consequently,  from  the  delay  in  Fig,  IV.Sc.f  over  and  above  the  shock  transit  time  and 
the  velocity  expected  for  a  shadow  of  a  lO/im  foil  (—  1.1  x  10’  cm/sec)  we  approximate  that 

"Wo  will  snow  in  the  next  p.iri  ih.ii  ihc  xcIckiI)  of  the  sh.idow  edge  .ind  ihc  dense  i.i'gci  m.iicr..il  diffci  b)  '  2  so  that 
v*  in  Ihe  expression.^  *  pv’  may  be  taken  as  approximaieh  consiani 
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the  leading  100  ^'.m  of  the  taiect  shadow  consists  of  low  density  material  unable  to  exert 
enough  pressure  to  disturb  a  7  /xm  Al  foil  upon  impact.  This  low  density  material  obscures  the 
main,  dense  part  of  the  accelerated  target  from  standard  shadowgraphy  and  interferometry  diag¬ 
nostics  but  is  discriminated  again"!  here. 

b.  Double-Foil  Streak  Photography 

A  continuous  time  history  of  the  two  foil  collision  is  provided  by  streak  photography.  In 
this  technique  a  cross  section  of  the  target  and  impact  foil  (Fig.  IV.9)  is  imaged  onto  a  streak 
camera  slit  which  displaces  and  records  the  imaged  region  in  time.  The  time  in  which  the 
impact  foil's  shadow  accelerates  to  its  final  velocity  is  short  (~  0.5  nsec)  compared  to  the  laser 
pulse,  which  is  expected  of  phenomena  associated  with  the  unloading  of  a  shock  wave  at  a  free 
surface.  Such  phenomena  include:  motion  of  the  free  surface  upon  decompression,  spall  from 
the  free  surface,  or  fluff  from  free  surface.'*’  We  tested  for  these  processes  by  observing  the 
shadow  of  yet  another,  second  impact-foil  placed  behind  the  first  (Fig.  IV.  10).  A  long  delay 
(--  4  nsec)  exists  between  the  collision  of  the  impact-foils  and  the  reaction  of  the  second  one. 
This  delay  again,  is,  longer  than  the  shock  transit  time  through  either  impact  foil."  Thus,  like 
the  leading  edge  of  the  ablatively  accelerated  target,  the  impact  foil  is  also  composed  of  a  high 
pressure  (dense)  region  proceeded  by  low  pressure  (low  dcii.  iv)  material  —  po.ssibly  spall  or 
fluff  from  the  rear  of  the  impact-foil. 

Even  though  the  collision  between  the  target  and  the  impact  foil  is  complicated,  the  sud¬ 
den  reaction  of  the  impact  foil  makes  it  a  very  good  time  marker  for  the  time  at  which  the 
dense  target  material  collided  with  the  impact-foil.  Fig.  IV.  1 1  shows  the  times  at  which  tf  - 
impact  foil  reacts  (with  respect  to  an  arbitrary  origin)  for  various  target-impact-foil  separations. 

'The  t.irgcl  .mU  rnifucl  foils  in  fig  l\  10  jrc  ni.nlc  fr<>ni  psrohui  g(.iphile  whuh  is  e.iss  i»  niminl  n.u  Simil.ir  results 
were  obsersed  for  ('ll  l.irgels  .ind  iiluminuni  imp.tcl  foils  Shink  velocities  in  p>rol>lic  gr.iphite  were  nic.isured  hv 
W  H.  (iust  .vnd  n  A  young  (Ref  I  St  who  report  veliKilies  between  '  p  m/fi\  .ind  1  Ipm/ns  for  pressures  between  - 
U  I  .ind  I  Mh.ir 
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Fig  IV  10  Triple-foil  experiment  .-N  second  impact-foil 
diagnoses  the  lirNt  impact -foil 


TARGET -IMPACT  PLATE 


Fig.  IV.  1 1.  A  graph  of  target-impact  foil  separation  vs  the  time  (with  respect  to  an  arbitrary  ori 
gin)  at  which  the  impact-foil  reacts  to  its  colliasion  with  the  target.  The  slopes  of  lines  drawn 
thru  points  accumulated  over  many  shots  give  the  dense  target  velocities. 
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For  most  cases,  the  separation  is  large  enough  so  that  the  collision  occurs  after  much  of  the 
ablative  acceleration  period  is  over.  All  the  points  for  each  target  type  lie  on  a  straight  line, 
indicating  that  no  significant  spherical  expansion  of  the  target  in  the  early  stages  of  its  motion 
takes  place;  the  slope  of  this  line  is  the  velocity  of  the  dense  target.  At  the  comparatively  low 
irradiance  of  6  x  10'^  W/cm^  we  have  accc.-‘  ’d  target  foils  to  1  x  10^  cm/sec  —  which  is 
near  the  velocity  required  for  laser  fusion.  This  velocity  is  also  in  agreement  with  that 
predicted  from  measurements  of  the  ablation  parameters  (Figs.  1V.4,  IV.5)  and  a  simple  rocket 
model. 

We  have  also  compared  velocities  of  the  dense  target  material  as  measured  above  with  the 
velocities  of  the  shadow  of  the  target  rear  gotten  from  the  shadow's  slope  in  the  double-foil 
streak  pictures.  The  ratio  of  the  shadow  to  target  velocities  is  2  ±  0.8.  Consequently,  target 
velocities  measured  with  .standard  shadowgraphy  techniques  may  infer  target  velocities  that  arc 
loo  high. 
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CONCLUSION 

The  characteristics  of  ablation  plasma  from  planar  targets,  and  the  velocities  of  the  abla- 
tively  accelerated  targets  were  measured.  Wc  find  that  a  pressure  of  ~I0  Mbar  is  generated  at 
an  absorbed  irradiance  of  5  x  lO"  W/cm^  and  that  the  pressure  scales  strongly  with  irradiancc 
(a  la*)\  the  hydrodynamic  efficiency  of  acceleration,  however,  scales  weakly  with  irradiancc 
Dense  target  velocities  of  100  Km/sec  have  been  measured  Thus  there  exists  in  this  irradiancc 
regime  flexibility  m  choosing  a  pellet  aspect  ratio  and  irradiancc  to  minimize  hydrodynamic  in.S' 
lability  and  increase  smoothing  of  laser  nonuniformitics  while  accelerating  shells  to  fusion-like 
velocities.  Our  results  arc  encouraging  for  inertial  conflnement  fusion.  Other  studies  that  will 
help  decide  the  viability  of  ablativciy  driven  fusion  arc  now  being  made  at  NRL 

Due  to  the  limited  energy  of  our  laser  and  the  large  lascr-spotsizcs  required  to  get  quanti¬ 
tative  results,  the  irradianccs  in  our  study  were  limited  to  below  10'^  ^V7cm^  Studies  at  higher 
irradianccs  should  be  made  to  deflne  the  point  at  which  harmful  effects  such  as  poor  coupling, 
production  of  fast  electrons  etc.  degrade  the  favorable  rc.sults  wc  have  found  thus  far  Other 
target  materials  and  laser  wavelengths  should  be  investigated  as  well.  The  broadening  of  the 
ion  velocity  distribution,  reported  here,  deserves  further  .study  —  possibly  with  an  ion  resolving 
instrument.  Details  of  the  double-foil  collision  and  the  conditions  between  the  two  foils  need 
further  stuc'y  to  better  understand  the  impulse  history  of  the  ablatively  accelerated  target  or  to 
effectivelv  model  a  double-s'iell  pellet  (to  investigate  prc'sur..  •-  ;  velocity  multiplication,  for 
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